The processes regulating cortical surface area expansion during development and evolution are unknown. We show that loss of function of all fibroblast growth factor receptors (FgfRs) expressed at the earliest stages of cortical development causes severe deficits in surface area growth by embryonic day 12.5 (E12.5) in the mouse. In FgfR mutants, accelerated production of neurons led to severe loss of radial progenitors and premature termination of neurogenesis. Nevertheless, these mutants showed remarkably little change in cortical layer structure. Birth-dating experiments indicated that a greater proportion of layer fates was generated during early neurogenic stages, revealing that FgfR activity normally slows the temporal progression of cortical layer fates. Electroporation of a dominant-negative FgfR at E11.5 increased cortical neurogenesis in normal mice-an effect that was blocked by simultaneous activation of the Notch pathway. Together with changes in the expression of Notch pathway genes in FgfR mutant embryos, these findings indicate that Notch lies downstream of FgfR signaling in the same pathway regulating cortical neurogenesis and begin to establish a mechanism for regulating cortical surface expansion.
Introduction
In early cerebral cortical development most neuroepithelial progenitors undergo symmetric, self-replicative division, leading to a geometric expansion of the progenitor pool. However, the onset of neurogenesis at ϳE11.5 in the mouse (Takahashi et al., 1996) slows this expansion and begins to deplete neuronal progenitors as cortical neurons are born. Therefore, the rate of neurogenesis during this phase of development could play a crucial role in cortical surface area expansion. Species differences in cortical surface area may be determined by variations in these mechanisms, yet the factors controlling this process are largely unknown (Rakic, 1995; Haydar et al., 2003; Götz and Barde, 2005; Kriegstein et al., 2006) .
During the neurogenic phase, daughters of radial (apical) progenitor cells in the dorsal telencephalic ventricular zone (VZ) migrate to the subventricular zone (SVZ), where they may divide again as intermediate neuronal precursors (INPs) before migrating to the cortical plate (Haubensak et al., 2004; Noctor et al., 2004; Englund et al., 2005) . The progression of a VZ precursor to an INP and on to postmitotic cortical neuron is marked by sequential changes in transcription factor expression, where Pax6 (VZ), Tbr2 (SVZ), and Tbr1 (cortical neuron) mark each stage (Englund et al., 2005) . Some VZ precursors also give rise directly to cortical neurons without going through an INP stage (Miyata et al., 2001; Noctor et al., 2004) . After the generation of layer 6, the remaining layers form in the order 5-4-3-2-a process reflected by the sequential expression of the transcription factors ZFPM2 (layer 6 and subplate), Ctip2 (layer 5), Cux1 (layer 2/3), and Satb2 (layer 2/3) in neuronal precursors (Nieto et al., 2004; Arlotta et al., 2005; Chen et al., 2005; Molyneaux et al., 2007; Britanova et al., 2008) .
Notch signaling is well known for regulating neuronal differentiation in vertebrates and invertebrates (Yoon et al., 2004; Louvi and Artavanis-Tsakonas, 2006; Kageyama et al., 2008; Coumailleau et al., 2009 ). In the telencephalon, Notch activation through the canonical effector C-promoter binding factor 1 (CBF1) pathway suppresses proneural genes such as Ngn2 and Mash1 to maintain the radial glial lineage (Mizutani et al., 2007) . Differentiating neuroblasts express the Notch ligands Delta-like (Dll) and Jagged, which in turn activate Notch signaling and prevent neuronal differentiation in adjacent cells-a process known as lateral inhibition, which functions to prevent the untimely loss of the progenitor pool. Crucially, however, the upstream control mechanisms that set the stage for Notch signaling and cortical neurogenesis remain obscure.
Fibroblast growth factors are secreted signaling molecules that play multiple roles in the CNS and control the size of the cerebral cortex (Vaccarino et al., 1999b; Shin et al., 2004) as well as its patterning (Fukuchi-Shimogori and Grove, 2001; O'Leary and Nakagawa, 2002; Garel et al., 2003; Hébert and Fishell, 2008) . Several Fgf ligands, including Fgf2, 3, 7, 8, 10, 15, 17, and 18, are expressed in the rostral telencephalic midline and early cortical primordium (Vaccarino et al., 1999b; Garel et al., 2003; Storm et al., 2003; Cholfin and Rubenstein, 2007) , and have been demonstrated to regulate neurogenesis (Raballo et al., 2000; Borello et al., 2008) . Among the four Fgf receptors (FgfRs), only FgfR1-3 are expressed in the developing CNS (Ford-Perriss et al., 2001) . Recent studies have demonstrated that FgfRs regulate CNS growth, including the hippocampus (Ohkubo et al., 2004) and the cerebral cortex (Kang et al., 2009; Thomson et al., 2009; Stevens et al., 2010) , but the cellular and molecular mechanisms of FgfR function in the process of neurogenesis and cortical surface area expansion have been unclear.
Here we have assessed overall FgfR function at the onset of cortical development by conditional genetic deletion of FgfRs in the dorsal telencephalon by E10.0 using Emx1-Cre mice. Together with in utero electroporation and in vitro clonal culture studies, we find that FgfR signaling promotes early surface area expansion in cortical development, acting through Notch to regulate the cellular decision between cortical neurogenesis and stem cell renewal. Remarkably, cortical layer development was intact in FgfR mutant embryos despite large changes in surface area growth and marked shortening of the neurogenic period.
Materials and Methods
Mice. Mice carrying floxed FgfR1 (Pirvola et al., 2002) and FgfR2 (Yu et al., 2003) alleles were bred with a null FgfR3 line (Deng et al., 1996) and an Emx1Cre line (Iwasato et al., 2004) ϩ/c embryos (n Ͼ 10) with wild type littermates revealed no phenotype with respect to cortical development, suggesting that the presence of a single cre allele (making Emx1 heterozygous due to the 'knock-in' mutation) does not significantly contribute to the Emx1;TKO phenotype. Noon of the day of vaginal plug detection was designated E0.5. All experimental procedures involving animals were performed in accordance with the policies of the Yale Institutional Animal Care and Use Committee.
Tissue preparation. Embryos were collected at defined developmental stages, and their brains immediately dissected in diethylpyrocarbonate (DEPC)-treated PBS and fixed in 4% PFA overnight at 4°C. On the following day brains were equilibrated overnight in 25% sucrose/DEPC-PBS and cryoprotected in OCT. Sections (25 m) were produced using a Leica cryostat, stored at Ϫ80°C, and then processed for either immunohistochemistry or RNA in situ hybridization.
Immunohistochemistry and in situ hybridization. Immunohistochemistry was performed as described previously (Smith et al., 2006) . Primary antibodies were detected using Alexa Fluor-conjugated secondary antibodies from Invitrogen. Primary antibodies and dilutions are shown in Table 1 . The immunostaining for the Notch intracellular domain (NICD, mAb D3B8, Cell Signaling Technology) and Hes1 used an antigen retrieval step by incubating for 5 min in 0.01 M Na citrate, pH 6.0, at 95°C with biotin/streptavidin detection [biotinylated goat anti-rabbit (1:1000) or donkey anti-guinea pig (1:200), Vector Labs; Streptavidin Alexa Fluor 594 (1:400), Invitrogen]. Detection of BrdU, chlorodeoxyuridine (CldU), and iododeoxyuridine (IdU) was performed as previously described (Raballo et al., 2000) . In situ hybridization was performed using alkaline phosphatase detection of digoxigenin-labeled riboprobes as previously described (Grove et al., 1998; Rash and Grove, 2007) . Fluorescence 3D optical sectioning and bright-field imaging used a Zeiss Apotome or Axioplan microscope and Axiovision 4.8 software.
BrdU, CldU, and IdU labeling. Intraperitoneal injections of BrdU, CldU, or IdU (Sigma) were administered at 50 mg/kg to pregnant dams. For Tbr1 ϩ neuron birth dating and progenitor cell cycle reentry experiments, a pulse of BrdU was administered at E10.5, E11.5, or E12.5, 24 h before embryo fixation. For dual labeling of early-and late-born cohorts of cortical neurons, pulses of CldU at E12.5 and IdU at E16.5 were given, and the animals killed at E18.5.
Expression constructs and in utero electroporation. Enhanced green fluorescent protein (eGFP) was subcloned into pBluescript (Stratagene), downstream of the BLBP (brain lipid-binding protein) promoter and an IRES to create pBLBP-eGFP. A truncated FgfR1 (SW2) (Werner et al., 1993) was subcloned into pBLBP-eGFP following the BLBP promoter. pBLBP-eGFP, pBLBP-SW2, or pUbiC-NICD-Myc (provided by J.J.B., details upon request) plasmid DNA was prepared using an Endofree Maxi kit (Qiagen) and 0.5 l was electroporated at a concentration of 1 g/l.
All electroporation experiments used CD1 dams (Charles River) anesthetized by isoflurane and prepared for surgery according to Yale Institutional Animal Care and Use Committee rules. Embryos were electroporated at E11.5 as described previously (Fukuchi-Shimogori and Grove, 2001) , except that we used a BTX ECM 830 (Harvard Apparatus) square electroporator delivering 27 V via gold paddle electrodes.
Cell culture and clonal analysis. Electroporation of pBLBP-eGFP alone (n ϭ 6) or together with SW2 (n ϭ 4) plasmid DNA was performed at E11.5, followed by 2 d in utero. Cortical explants containing eGFP ϩ cells were isolated and dissociated in DMEM with B27 supplement and 5 ng/ml FGF2, and cultured at a density of 500,000 cells/cm 2 for 3 d. Cultured cells were then fixed with 4% PFA for 30 min at 4°C and stained for Nestin, ␤III tubulin, and eGFP. The eGFP ϩ clones were imaged blind with respect to gene expression and then scored for clone size and the number of cells expressing Nestin or ␤III tubulin. The cell type fraction of the total number of eGFP ϩ cells (n ϭ 523 for pBLBP-eGFP; n ϭ 731 for SW2) across all clones (n ϭ 133 for pBLBP-eGFP controls and n ϭ 302 for SW2) and the average within each clone was calculated and statistically assessed using a two-tailed Student's t test.
Morphometric analysis, densitometry, and cell population quantification. Morphometric and cell population estimates were performed using a Zeiss Axioskop 2 Mot Plus microscope operating Stereoinvestigator and Neurolucida systems (MicroBrightField). The rostrocaudal axes of cortical hemispheres were sampled in their entirety using regular section intervals. Cortical volume was estimated by planimetry. Nuclear profiles of cell populations were randomly sampled using the optical fractionator probe. Cortical and VZ surface areas were estimated by tracing contours of cortical marginal zone or ventricular surface in Neurolucida and computing a product of average contour length, average measured section thickness, and the total number of cortical sections. Total cortical surface area included the neocortical and hippocampal primordia, bounded by the piriform cortex (laterally) and the corticoseptal boundary, cortical hem, or dentate gyrus, depending on the age and rostrocaudal level. VZ surface area encompassed the region bounded by the pallial-subpallial boundary and the corticoseptal boundary, cortical hem or dentate gyrus, depending on the age and rostrocaudal level.
For electroporation experiments, all counts were done double blind using Z-stack images with a depth of 12 m acquired with a Zeiss Apotome running Axiovision 4.8. Ctip2
ϩ and Satb2 ϩ cells were counted double blind using multiple 250-m-wide sampling sectors encompassing the whole cortical wall in the rostral and caudal cortex, bounded by and excluding the subplate and marginal zone. Cux1 ϩ and ZFPM2 ϩ cells were counted in 250 m cortical columns in the lateral neocortex and a simple ratio computed. CldU/Cux1 and CldU/ZFPM2 doublepositive cells were scored as CldU positive if the majority of the nucleus showed labeling. Densitometry for NICD or Hes1 signal intensity was performed in 12 m Z-stacks in NIH ImageJ. Individual nuclei of eGFP ϩ cells were outlined with an oval and the 8-bit red channel average signal intensity was measured. Background NICD or Hes1 signal intensity was measured from the remaining cells that did not express eGFP, and a ratio was computed, representing the departure from nearby cells signal level.
Statistical analysis. A Student's t test or factorial ANOVA assessing the effect of either genotype alone or interaction of age * genotype was performed using Statview 4.0 on an iMac G4 (Apple) and used to compute significance levels for total cortical wall volume and number and density of each cell population. Error bars represent SE and a significance threshold of p Ͻ 0.05 was used.
Results
Fgf signaling in the Emx1 lineage is necessary for embryonic expansion of the cerebral cortex Knock-out of FgfR signaling in the cerebral cortical primordium was achieved by targeted inactivation of FgfR1 and FgfR2 via Emx1Cre-mediated recombination in mice null for FgfR3. The Emx1Cre line (Iwasato et al., 2004) drives recombination in the dorsal telencephalon by E10.0 ( Fig. 1 A, B) . Since FgfR4 is not expressed in the brain during cortical development (Ford-Perriss et al., 2001; Kang et al., 2009) , this should produce embryos lacking functional FgfRs within the Emx1 lineage. ϪFgfR signaling was assessed using in situ hybridization for downstream Fgf target genes in the Ets family; at E11.5 we found an almost complete loss of Pea3 expression in Emx1;TKO embryos (Fig. 1C,D ). In contrast, CoupTF1, which is normally repressed by FgfR signaling Garel et al., 2003) , was strongly upregulated in the majority of the cortical primordium ( Fig. 1 E, F ) .
At E18.5, the dorsal telencephalon of Emx1;TKOs showed a 52% reduction in total volume and a 46% reduction in surface area ( Fig. 1G-I ). At all ages examined, the caudal neocortex and hippocampus showed a severe volume and surface area reduction ;TKO embryos show a near complete loss of Pea3 mRNA expression in the cortical primordium (C, D), while CoupTF1 is upregulated (E, F ). G-I, Developmental analysis from E11.5 to E18.5 showing severely reduced cortical volume and surface area after E11.5 (G). Cortical wall surface area and volume estimates are plotted in H and I. For cortical plate surface area across all ages from E11.5 to E18.5, a factorial ANOVA showed a main effect of genotype (F ϭ 16.94; p ϭ 0.0021) and age (F ϭ 25.49; p Ͻ 0.0001) (n ϭ 10 Emx1;TKOs and 11 littermate controls). For cortical wall volume a factorial ANOVA showed a main effect of genotype (F ϭ 109.5; p Ͻ 0.0001), age (F ϭ 395.8; p Ͻ 0.0001), and interaction of genotype * age (F ϭ 50.2; p Ͻ 0.0001). LV, Lateral ventricle; NP, nasal process; CP, cortical primordium; MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence; SE, septum; STR, striatum. Scale bar, 1 mm. similar to the rostral neocortex ( Fig. 2 A, B, E, F ), suggesting that FgfR signaling is important both rostrally and caudally. To understand the developmental mechanisms of these defects, we quantified total volume and surface area of neocortex and hippocampus from E11.5 to E18.5 by unbiased stereological methods. At E11.5 the size of the cortical primordium of Emx1;TKOs appeared similar to controls, however, just 1 d later Emx1;TKO embryos showed a 50.2% reduction in surface area (Fig. 1G,H ) . Interestingly, the growth rates for cortical volume and surface area were similar for control and Emx1;TKOs after E12.5. For example, cortical volume exhibited a 13.7-fold increase from E12.5 to E18.5 in wild type mice and an 11.2-fold increase in Emx1;TKOs ( Fig. 1 H, I ). These data indicate a major requirement for FgfR signaling in cortical surface area expansion between E11.5 and E12.5. As expected, ventral telencephalic development was essentially unaffected in the mutants (Figs. 1G, 2 A, B, I, J ).
We next examined an allelic series that compared FgfR1/FgfR2 double mutants, FgfR3 single mutants, Emx1;TKOs, and the effects of restoring one allele of either FgfR2 or FgfR3. We found that the most severe defects were always present in the Emx1; TKOs (n ϭ 16 Emx1;TKOs), and the presence of one copy of either FgfR3 or FgfR2 substantially rescued defects observed in Emx1;TKOs both rostrally and caudally ( Fig. 2 A, K; n Ͼ 9). Furthermore, restoring one allele of FgfR2 or FgfR3 did not result in differential rescue of rostral versus caudal cortical area (Fig. 2 H) , 
suggesting that FgfR2 and FgfR3 appear to work equivalently in these aspects of early cortical development. We next investigated whether changes in cell death or proliferation might explain the phenotype of Emx1;TKO mice. Apoptotic cells expressing activated Caspase3 appeared to be slightly increased in Emx1;TKOs at E11.5 and E13.5, but the total number was insufficient to explain the loss in cortical volume (Fig. 3A-D) . The density of phosphohistone H3 (PH3) ϩ cells, which are actively undergoing mitosis, and BrdU incorporation rates were also similar, suggesting that the overall rate of proliferation was not significantly altered ( Fig. 3E-H ) .
Precocious neuron production in Emx1;TKO mice curtails early expansion of the cortical primordium The severe reduction in cortical plate volume observed in Emx1; TKOs was accompanied by a 52% reduction in the total number of cortical neurons immunoreactive for Tbr1 at E18.5, by the end of neurogenesis (Fig. 4 F, M,N ) . Unexpectedly however, at E12.5 and E13.5, the rostrolateral telencephalon showed increased preplate/cortical plate thickness as assessed by ␤III-tubulin and Tbr1 immunohistochemistry (by ϳ50%; arrowheads in Fig. 4 A, B,G,H ) . Therefore we quantified the overall number and density of cortical neurons produced at different stages of development.
Compared with littermate controls, we found a significantly increased density of Tbr1 ϩ neurons in the preplate and cortical plate of Emx1;TKO mutants at E11.5, E12.5, and E13.5 (Fig.  4 E, G-J ) . The total Tbr1 neuron number was similar among Emx1;TKOs and littermate controls at E13.5 despite the smaller cortical wall volume of the Emx1;TKOs (Fig. 4 F) . However, by E15.5, Emx1;TKOs began to show a deficit in the total number of these cells (Fig. 4 K, L) , with the greatest losses evident at E18.5 (Fig. 4 F, M,N ). This developmental analysis indicates an early overproduction of cortical neurons and a reduction in late embryogenesis.
Increased production of Tbr1
؉ neurons and Tbr2
؉ intermediate precursors in the VZ
Many excitatory cortical neurons are derived from Tbr2 ϩ INPs in the SVZ, which in turn are generated in the VZ by asymmetric division of Pax6 ϩ radial glial precursors (Noctor et al., 2001; Kowalczyk et al., 2009 ). Other excitatory cortical neurons are derived through direct neurogenesis in the VZ (Miyata et al., 2001; Noctor et al., 2004; Englund et al., 2005) . To address whether early overproduction of cortical neurons is due to direct or indirect neurogenesis, or both, we first assessed the rates of Tbr2 ϩ INP production in the VZ and SVZ. Stereological measurements indicated a substantial increase in the density of Tbr2 ϩ cells in Emx1;TKOs at E12.5 and E13.5, followed by a sharp decrease at E18.5 (Fig. 5A-F,I ). The excess Tbr2 ϩ cells were present in the main body of the SVZ as well as in the VZ (Fig.  5 A, B insets, C,D) . The total Tbr2 ϩ cell number was similar among Emx1;TKOs and littermate controls at E12.5-E13.5 despite the smaller cortical wall volume of the Emx1;TKOs (Fig. 5J ) . However, at E15.5 and after, Emx1;TKOs showed an increasingly severe deficit in number of Tbr2 ϩ cells (Fig. 5G , H, J ). Emx1;TKO VZ volume was quantified using planimetry of the Pax6 ϩ domain, and was only 52.8% that of control embryos (3.69 Ϯ 0.36 ϫ 10 8 m 3 vs 1.95 Ϯ 0.053 ϫ 10 8 m 3 ). In control littermates, only a tiny fraction of all Tbr1 ϩ cells were found in the VZ between E11.5 and E13.5. In Emx1;TKO embryos we observed a 4.4-fold increase in the density of Tbr1 ϩ cells in the VZ (436.4 Ϯ 60.8%; Figs. 4 I, J, 6A, B) . The increase in density of Tbr2 ϩ cells in the VZ was twofold (96.3 Ϯ 26.5%; Fig. 5A-D) . Together, these results suggest that the excess Tbr1 ϩ cells in the Emx1;TKO cortical plate were derived both from Tbr2 ϩ intermediate precursors as well as from increased Tbr1 ϩ cortical neuron differentiation directly from cells in the VZ.
Increased cortical neurogenesis and decreased self-renewal of VZ precursors in embryos lacking FgfR signaling
Because we did not find evidence for decreased proliferation of progenitors in the VZ, we focused on an alternative hypothesisnamely, that early self-renewal of radial glial progenitors in the VZ is decreased in favor of neuronal differentiation. To quantify the number of neurons and progenitors generated at defined times in cortical development, we labeled mitotically active precursors using a pulse of BrdU at E10.5, E11.5, or E12.5 and assessed their fate 24 h later. Incorporation of BrdU in dividing precursors was combined with either Tbr1 or Ki67 staining to ϩ cells (green) were detectable in control (A, C) and Emx1;TKO embryos (B, D); however, they were extremely rare. C and D are high-power images of the boxed regions in A and B. In these brains we estimated 952 Casp-3 ϩ cells per cortical hemisphere (Emx1;TKO) vs 624 cells in wild type. E-H, Positive cells were often found far from the lateral ventricles, in the SVZ or preplate, but some were also observed in the VZ. PH3 (red) labels mitotic cells primarily at the VZ surface at E11.5 in both control and Emx1;TKO embryos, and the number was only modestly different (G). BrdU incorporation at E10.5 was imaged and quantified after 1 d survival (E, F, H ), and was nearly identical in both control and Emx1;TKO embryos (H ). EC, ectoderm. Scale bars: A, B, 500 m; C-F, 62.5 m.
determine 1) rates of differentiation of Tbr1 ϩ cells, and 2) cell cycle reentry/exit, respectively. At each age, we found a significant increase in the relative number of Tbr1 ϩ /BrdU ϩ cells (up to 50% at E13.5), indicating elevated production of Tbr1 ϩ neurons in Emx1;TKOs (Fig. 6 A-F,M ) . In concert, the proportion of BrdU ϩ cells that were BrdU ϩ /Ki67 ϩ at E11.5 changed from 81.9% (Ϯ5.6) in control embryos to 56.4% (Ϯ2.3) in Emx1;TKOs. At E12.5-E13.5, a similar decrease in the proportion of BrdU ϩ / Ki67 ϩ cells was found, from 49.5% (Ϯ5.37) in control embryos to 33.6% (Ϯ2.5) in Emx1;TKOs (Fig. 6G-L,N ) . Correspondingly, the number of BrdU ϩ /Ki67 Ϫ cells was increased in the cortical plate of Emx1;TKO embryos, confirming excess exit of precursors from the mitotic cycle (Fig. 6 J, L, arrows) .
Precocious differentiation of excitatory neurons in the absence of FgfR signaling depletes radial progenitors in the VZ
To investigate the dynamics of radial progenitors and committed neuronal precursors in the VZ, we assessed the expression of Pax6 and Ngn2-transcription factors that characterize radial glial cells and committed neuronal progenitors, respectively. The number of Pax6 ϩ progenitors in the dorsal telencephalon was decreased by at least 50% in Emx1;TKOs from E12.5 to E15.5 ( Fig. 7A-D,M ) . However, by E18.5, the total number of Pax6 ϩ cells in the cortical wall of Emx1;TKO was depleted by ϳ79% compared with control embryos (Fig. 7 E, F,M ) . Correspondingly, the Emx1;TKO VZ showed an increasingly severe deficit in ventricular surface area (Ϫ50.6% at E12.5; Ϫ65.3% at E18.5, p ϭ 0.0005 by factorial ANOVA; n ϭ 7 Emx1;TKO, 8 control littermates) (Fig. 7N ) and a progressive decrease in VZ thickness from E13.5 onward. In control embryos, the Pax6 ϩ fraction of cells in the neocortical wall decreased between E12.5 and E18.5; in Emx1; TKOs this fraction decreased more rapidly (Fig. 7O) . This depletion of Pax6 ϩ progenitors did not disrupt the radial glial scaffold, although the density of Nestin ϩ radial fibers traversing the cortical plate at E15.5 appeared somewhat decreased (Fig. 2O,P) .
In parallel to the decrease in Pax6 ϩ cells of the VZ, we observed an increase in Ngn2-expressing cells at E13.5 within the VZ (Fig. 7G,H ) , suggesting an early increase in committed neuronal precursors. However, Ngn2 staining was drastically curtailed by E18.5, indicating a premature end to the neurogenic period ( Fig.  7 K, L) . Expression of Par3, a gene implicated in promoting progenitor self-renewal (Costa et al., 2008) , did not appear to be substantially altered at the ventricular surface at E13.5 (data not shown).
Increased neuronal differentiation in clones of progenitors receiving dominant-negative FgfR
To more directly analyze the role of FgfRs in neuronal differentiation of radial progenitors in the cortical VZ, we electroporated a dominant-negative FgfR construct, SW2 (Werner et al., 1993; Shin et al., 2004) driven by the BLBP promoter, together with the control plasmid pBLBP-eGFP at E11.5 and cultured eGFP ϩ cells, assessing clonal fate after 3 d in vitro. In this experiment, cell lineage as well as the proportion of neurogenic vs proliferative divisions could be measured (Fig. 7P-T ) . We quantified the average clonal size and the proportion of eGFP ϩ cells expressing ␤III tubulin or Nestin, and found a substantially increased proportion of neurons in clones deriving from radial glial cells receiving the dominant-negative FgfR construct, SW2, compared with those receiving the control plasmid alone (Fig. 7P-R) . Furthermore, radial glial cells receiving SW2 generated an increased number of clones committed to generate only neurons and suppressed the development of radial glial cell-only clones (Fig. 7S) . A lower clonal size correlated with increased neuronal fate (Fig.  7T ), indicating that SW2 caused an increase in radial progenitor cell cycle exit and neuronal differentiation.
Accelerated cortical layer development in Emx1;TKOs
Because progenitors in both the VZ and SVZ were depleted more rapidly in Emx1;TKOs during the neurogenic phase, we hypothesized that the laminar structure of the cerebral cortex might be altered. Cortical plate thickness was significantly reduced at E18.5, although less dramatically than cortical surface area (Fig.  8) . We assessed the relative proportion of cells that had acquired a specific layer fate after immunostaining for layer-specific markers and quantification in 250 m sectors within the dorsolateral ϩ cells began to be depleted at E15.5 (E, F), showing an 84.2% deficit by E18.5 (G, H). Stereological quantification in A, J. A factorial ANOVA showed a main effect of genotype (F ϭ 25.27; p ϭ 0.0015), age (F ϭ 9.78; p ϭ 0.0067, n ϭ 7), and an age * genotype interaction (F ϭ 9.07; p ϭ 0.0083) on the total number of Tbr2 ϩ cells (n ϭ 7 Emx1;TKOs and 8 littermate controls). Scale bars: A, B, 1 mm; C-H, 125 m.
neocortex. Quite surprisingly, we observed no significant difference in the ratio of Cux1 ϩ to ZFPM2 ϩ neurons, marking layers 2/3 and 6/SP, respectively (Fig. 8 A-C) . Immunohistochemistry for Ctip2 and Satb2, marking neurons of layers 5 and 2/3, respectively, further showed that Emx1;TKOs retained similar cortical layer structure as control littermates (Fig. 8 D-F ) .
We next assessed the schedule of cortical neurogenesis in Emx1;TKO embryos by labeling dividing precursors at E12.5 and E16.5 with CldU and IdU, respectively, and examining the cortex at E18.5. Most CldU ϩ cells were observed in deep cortical layers in control mice, whereas the IdU ϩ cells were seen in upper layers, migrating through the intermediate zone or still resident in the VZ/SVZ (Fig. 8G,H ; data not shown). In Emx1;TKOs we found an increased density of CldU ϩ cells (born on E12.5) in the cortical plate and an almost complete disappearance of IdU ϩ cells (born on E16.5) in the cortical wall (Fig. 8 H, K ) , suggesting a shortened neurogenic period. Together, these findings suggest increased immediate differentiation of E12.5 VZ precursors in the absence of FgfR, rather than continued self-renewal.
To quantify the birthdate of neurons in different cortical layers, we performed triple immunolabeling for CldU/IdU/Cux1 or CldU/ IdU/ZFPM2. In Emx1;TKOs we found a dramatic (5-fold) increase in the proportion of upper layer Cux1 ϩ neurons colabeled with CldU, and a substantial decrease IdU colabeling (Fig. 8G-I ). Expectedly, an increased proportion of ZFPM2 ϩ neurons was labeled with CldU, but none with IdU, reflecting increased neurogenesis at E12.5 (Fig. 8J-L ). These results demonstrate that a greater share of cortical layer fates is generated during the early neurogenic period in Emx;TKOs.
Notch acts downstream of FgfR signaling in cortical neurogenesis
Like FgfR, Notch signaling also inhibits neuronal differentiation and promotes radial glial identity in the cortical primor- Figure 6 . Increased cortical neurogenesis and decreased progenitor self-renewal in Emx1;TKO embryos. Dotted lines demarcate the cortical wall; analysis excluded the overlying head ectoderm and mesoderm. Tbr1/BrdU immunostaining (A-F) and Ki67/BrdU immunostaining (G-L) at E11.5, following BrdU incorporation at E10.5, with stereological quantification (M, N) . The fraction of BrdU ϩ cells that colabeledforTbr1(E,F,yellowcells)wassignificantlyincreasedinEmx1;TKOsasplottedin(M)forE11.5throughE13.5. AfactorialANOVArevealedeffectsofgenotype(Fϭ53.898; pϽ0.0001), age(Fϭ45.91; pϽ0.0001)andinteractionofgenotype*age(Fϭ4.69; pϭ0.045, nϭ7Emx1; TKOsand7controllittermates) dium (Gaiano et al., 2000; Faux et al., 2001; Wahl et al., 2007; Shimojo et al., 2008) . To determine whether Notch activity could be affected in Emx1;TKO mutants, we first examined the production of cleaved (active) Notch (NICD). Immunohistochemistry using an antibody specific for NICD reveals puncta mostly corresponding to NICD-containing nuclei (Fig. 9A) . In E11.5-E12.5 Emx1;TKO mutants there was decreased NICD staining in the cortical VZ and each cell on average appeared to show fewer puncta compared with controls (Fig. 9B) . In situ hybridization for Notch1 indicated a decrease in Notch1 mRNA in Emx1;TKOs, potentially explaining the decreased NICD staining (Fig. 9C-F ) .
Next we assessed the expression of Notch target genes Hes1, Ngn2, Mash1, and Dll1 by in situ hybridization. In Emx1;TKOs we found substantially decreased expression of Hes1 in the cortical VZ at E13.5 (Fig. 9G,H ) , indicating decreased Notch downstream activity. Corresponding to decreased Hes1 expression, we detected increased expression of Ngn2, Dll1, and Mash1, which are inhibited by Hes gene products, in the dorsal telencephalon at E11.5-E12.5 ( Fig. 9I-L ; data not shown). BLBP, a marker of radial glia and direct downstream target of Notch signaling (Anthony et al., 2005) , was completely absent from cortical radial glia in Emx1;TKOs at E15.5, but restoration of one copy of FgfR3 rescued BLBP expression (Fig. 2 L-N ) .
To directly test the relation between FgfR and Notch signaling, we used in utero electroporation of the SW2 dominant-negative FgfR construct at E11.5 to decrease FgfR activity and assess NICD and Hes1 expression in vivo. In all electroporations, pBLBP-eGFP was coelectroporated to visualize radial glial progenitors and their progeny (Fig. 10) . Using densitometric measurements of the intensity of NICD and Hes1 protein in eGFP ϩ cells, we found that SW2 electroporation decreased both NICD and Hes1 expression, suggesting that physiological FgfR signaling maintains Notch activity cell autonomously (Fig. 10 A-F ) .
We further used in utero electroporation to determine whether the FGF and Notch pathways could interact in regulating neurogenesis in vivo. Electroporation of SW2 caused excess genesis of Tbr1 ϩ neurons (Fig. 10G, H, L) , similar to Emx1;TKO embryos. This confirms a likely cell-autonomous role for FgfR signaling in inhibiting neurogenesis. Conversely, electroporation of constitutively active forms of FgfR (FgfR3E or FgfR3M) (Iwata et al., 2001 ) caused a reduction in neurogenesis and retention of eGFP ϩ cells within the VZ (Fig. 10 I, L) . Electroporation of a plasmid containing active Notch (NICD) caused a similar but more severe effect; most of these cells remained in the VZ and did not acquire Tbr1 expression (Fig. 10 J, L) . Thus, activation of FgfR caused a partial phenocopy of NICD activity. To determine whether Notch and FgfR signaling are in the same or separate pathways controlling cortical neurogenesis, we coelectroporated the SW2 and NICD constructs. If the pathways were separate, an intermediate phenotype is expected. However, if one phenotype overrides the other, then an epistatic relationship exists and the two pathways can be linked. We observed no significant difference between the NICD and the SW2/NICD coelectroporated groups (Fig. 10 J-L) , indicating that NICD blocked the effect of SW2 and hence Notch signaling lies downstream of FgfR activity. Overall layer order appeared normal, as was the ratio of Cux1 and ZFPM2 ϩ cells (A-C) (n ϭ 3 Emx1;TKOs and 3 littermate controls; t test: p ϭ 0.92). There was a modest imbalance toward an increase in Ctip2 in Emx1;TKO embryos, reflecting greater early (deep layer) cortical neurogenesis (D-F) (n ϭ 3 controls, 3 Emx1;TKOs; two-way ANOVA assessing interaction of genotype * layer population; p ϭ 0.05). However, both Cux1 ϩ (G-I) and ZFPM2 ϩ (J-L) cells were more likely to have been born on E12.5 (CldUϩ) than E16.5 (IdUϩ) in Emx1;TKO embryos, whereas 4 fewer Cux1 ϩ cells were born at E16.5 in Emx1;TKO embryos compared with littermate controls (G-I) (two-way ANOVA assessing interaction of genotype * Cux1 ϩ birthdate: F ϭ 33.49; p ϭ 0.0004; n ϭ 3 Emx1;TKOs, n ϭ 3 control littermates). As expected, of over 7500 cells counted, no ZFPM2
ϩ cell was IdU ϩ in either controls or Emx1;TKOs (J-L). SP, Subplate; 2/3, cortical layers 2/3; 6, cortical layer 6. Scale bar, 125 m.
Discussion
One of the major unanswered questions in cortical development is what causes progenitors to cease self-renewing and begin producing cortical neurons, and whether such a mechanism may regulate cortical surface area (Rakic, 1995) . Our findings provide a partial answer, linking one of the major embryonic signaling systems (Fgfs) to the Notch pathway-a known regulator of neurogenesis.
We found that the loss of FgfR signaling decreased cortical surface area, duration of neurogenesis and the final number of cortical neurons, but with little change in cortical layer structure. This stands in contrast with many other demonstrations of altered rates of neurogenesis, where the cortical plate shows various forms of dysplasia and cellular heterotopias, suggesting interference with cell adhesion and migration (Chenn and Walsh, 2003; Louvi et al., 2004; Imayoshi et al., 2010) .
In Emx1;TKO mutants, radial glial stem cells in the early cortical VZ differentiated into cortical neurons, rather than continuing to self-renew. This increased rate of differentiation began to deplete VZ progenitors during the cortical expansion phase, before E12.5, leading to an early neurogenic peak, but curtailment of overall neurogenic potential. These changes stunted the tangential growth of the cortical scaffold and caused a premature decrease in ventricle size and a final decrease in the surface area (and, to a lesser degree, thickness) of the cortical plate. Thus, FgfR signaling normally tempers the early rate of cortical neurogenesis so that VZ precursor expansion may physically enlarge the surface of the cortical scaffold, lengthening the neurogenic period and ultimately achieving a larger cortical structure. Despite equally severe rostral and caudal surface area deficits, caudalization of the Emx1;TKO cortical primordium, likely due to the loss of rostralizing FgfR signaling (Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003) , was suggested by a rostral shift in the expression domain of CoupTF1. Thus, overall Fgf signaling appears to carry two separate activities-one regulating area patterning and the other promoting cortical surface area growth.
The schedule of cortical plate surface area growth is severely stunted in Emx1;TKO embryos between E11.5 and E12.5, suggesting that during this time, most available progenitor divisions in the VZ were neurogenic. Indeed, an in vitro clonal analysis showed that radial precursors expressing a dominant-negative FgfR were more likely to stop the process of self-renewal and generated an increased number of neurons, further suggesting that FgfR acts in a cell-autonomous fashion. However, ventricular surface area did grow between E12.5 and E13.5, suggesting that loss of FgfR signaling does not completely halt self-renewal. Indeed other factors undoubtedly contribute in this process. For example Wnt ligands secreted from the cortical hem (Grove et al., 1998) might be able to partially compensate for the loss of FgfR signaling and it remains unknown how this signaling system responds to loss of FgfR signaling. Future work should examine how such pathways may be deregulated.
FgfR signaling slows the temporal progression of cortical layer fates
Our findings reveal that FgfR signaling promotes cortical surface area expansion without causing major alterations in cortical layer structure. This implies that FgfRs are major regulators of neurogenesis in that their action occurs largely before, and independently of, layer commitment. That the cortical laminar pattern can be determined with little dependence on surface area growth parallels the diversity of the cortical structure in mammalian species, as the cortical surface varies 1000-fold while thickness and layer pattern are much more conserved (Rakic, 1995) . Cortical development normally relies on the sequential production of each laminar cell type. In Emx1;TKO embryos the cortical structure probably also follows an 'inside-out' pattern of development, but a much greater proportion of the cortical layers is derived from neurons that were born early in the process, suggesting that the process of layer determination can be influenced by the initial size of the stem cell pool. These results further suggest that FgfR signaling by delaying neurogenesis also slows the specification of cortical layers, a process that is apparently independent of birthdate, and could be determined at the stem cell level, within neuronal progenitors, or perhaps within early postmitotic neurons, during radial migration. Such mechanisms may maintain normal layer structure in larger, more slowlydeveloping cortices such as those in carnivores and primates.
Notch is downstream of FgfR signaling in cortical neurogenesis
Like FgfR signaling, Notch is also required for the maintenance of radial glial stem cells and the repression of neurogenesis in the cortical primordium, and indeed, the two pathways have been suggested to interact in some way in vitro (Faux et al., 2001; Yoon et al., 2004) . Our results suggest a clear hierarchy in this interaction, as Emx1;TKO embryos showed a decrease in production of active NICD, Notch1 mRNA, and the Notch downstream gene Hes1, together with an upregulation of Ngn2, Dll1 and Mash1.
The complete loss of BLBP, a direct target of Notch (Anthony et al., 2005) , in cortical radial glial cells of Emx1;TKO embryos underscores the cooperation of FgfR and Notch signaling in maintaining radial glial precursor identity. Downregulation of FgfR signaling in normal embryos using dominant-negative FgfR (SW2) produced measurable, cell autonomous changes in NICD and Hes1 expression correlating with increased neurogenesis, mimicking the Emx1;TKO. The simultaneous activation of Notch revealed a crucial connection-namely that Notch activation overrides changes due to manipulation of FgfR activity. Together with a partial phenocopy of NICD activation by constitutively active FgfR (FgfR3E), these data indicate that FgfR and Notch cooperate to maintain radial glial self-renewal in the cortical VZ, and that Notch lies downstream of FgfR.
Mutations in the Notch pathway have produced a range of defects not limited to changes in self-renewal and differentiation, but also including cell adhesion and migrational defects leading to cortical dysmorphology (Hatakeyama et al., 2004; Imayoshi et al., 2010) . The Emx1;TKO embryos recapitulate the self-renewal defects but not the others. This might be due to incomplete knockdown of the Notch pathway or, alternatively, may indicate that FgfRs selectively engage a restricted self-renewal function for Notch. Although the downregulation of Notch message in the VZ of Emx1;TKO embryos and the cell-autonomous downregulation of NICD within cells with attenuated FgfR signaling may suggest that FgfR signaling promotes Notch transcription directly, we cannot exclude an effect more downstream in the Notch pathway (i.e., at the level of Hes genes, CBF1, or Rbpj). For example, loss of FgfR signaling in newly committed INPs might have a further effect on neurogenesis via Notch downstream effectors, as a CBF1-independent role for Notch signaling in INPs has also been reported (Mizutani et al., 2007) . However, the early excess of INPs observed in Emx1;TKOs may be attributed to increased differentiation of radial glial precursors and need not be due to a separate role for FgfR in INPs.
Diversity of function in the FgfR signaling system
The ablation of FgfR1 and FgfR2 driven by the hGFAP-Cre line beginning from E13.5, with or without a concomitant loss of FgfR3, results in decreased progenitor self-renewal and excess production of INPs (Kang et al., 2009; Stevens et al., 2010 ) but produces only a modest decrease in cortical wall volume and surface area. The comparatively mild surface area phenotype of hGFAP;TKOs or hGFAP;FgfR1;FgfR2 DKOs (Kang et al., 2009; Stevens et al., 2010) contrasts with the strong surface area deficit observed already at E12.5 in Emx1;TKO mutants. This further indicates that the major cortical expansion phase driven by FgfR signaling is already completed before E13.5. Indeed, Fgf ligands and receptors are more highly expressed in the telencephalon at early stages of development (Vaccarino et al., 1999a,b; FukuchiShimogori and Grove, 2001; Grove and Fukuchi-Shimogori, 2003; Rash and Grove, 2007; Sahara and O'Leary, 2009) .
The highly localized sources of Fgf ligands and their potentially different roles add complexity to the story, as they exhibit preferential activity for certain FgfRs. In particular, Fgf2 increases the initial number of cortical stem cells (Vaccarino et al., 1999b; Raballo et al., 2000) and Fgf8 promotes neural stem cell selfrenewal (Borello et al., 2008) . As Fgf2 binds all FgfR expressed in the telencephalon and Fgf8 binds predominantly FgfR2 and FgfR3, these two ligands may exert mutually compensatory roles in cerebral cortical growth. However, Fgf15 was shown to increase cortical neurogenesis, opposing Fgf8 function (Borello et al., 2008) , and Fgf10 knock-out embryos showed delayed cortical neurogenesis, accumulation of undifferentiated radial glial progenitors, and elevated production of Tbr2 ϩ and Tbr1 ϩ cells (Sahara and O'Leary, 2009). Because our mutant embryos likely represent a near-complete loss of FgfR signaling in the cortical primordium, it is possible that the opposing action of some Fgf ligands in the brain may occur indirectly or be transduced primarily through noncanonical pathways.
Our analysis of the full allelic series of Fgf receptor mutants shows substantial rescue of the Emx1;TKO phenotype by only a single copy of either FgfR2 or FgfR3. This indicates a high degree of sensitivity to Fgf activity, permitting a broad range of small changes to incrementally modify local areal expansion rates and local cortical thickness. The highly variable spatiotemporal expression patterns of telencephalic Fgf ligands, including Fgf8, 17, 18, 15, 10, 3, 2, and receptors provide multiple points of regulation available to mammals for modification of the cortex over the course of evolution. Indeed it remains to be seen what role each Fgf ligand may have in these processes. We speculate that this underlying molecular structure is sufficient to explain much of the diversity in the size of the cerebral cortex and its constituent functional areas in different species. Further evolutionary studies of cortical development, as well as studies of pathological conditions relating to cortical growth, should pursue possible mechanistic origins of surface area and cortical structure diversity in the Fgf signaling pathway.
